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ABSTRACT We analyze changes in extreme daily precipitation frequency using atmosphere-ocean global climate model (AOGCM) driven regional climate simulations. Nested regional climate model simulations were conducted using RegCM4.4 over the CORDEX-North America domain with 25 and 50 km grid spacing. Initial and lateral boundary conditions are taken from the HadGEM2-ES and GFDL-ESM2M AOGCMs (for RCP8.5 emissions scenario) to simulate present and future climate (1971-2000, 2041-2070). For each run, RegCM4 uses two different convection schemes: the Emanuel scheme, and a Mixed scheme which uses the Emanuel scheme over water and Grell scheme over land. These models were compared for the time period 1971-2000 to observations from the Global Historical Climate Daily Network. 
The models produced results relatively consistent with observations. The light precipitation events were overestimated in frequency while the extreme events were underestimated in frequency. There was good agreement between models and observation for intensities between 20 and 40 mm/day. The 25 km model simulations showed less agreement with observations and lower frequencies of extreme precipitation than the 50 km models. The increase in resolution was an attempt to better simulate extreme precipitation; therefore, this result was unexpected. Future simulations (2041-2070) showed increases in the frequency of heavy rainfall events in all models. The 99th percentile showed an average increase of about 9% while the 99.9th percentile had a greater increase of about 15%.  
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1 INTRODUCTION 1  Extreme precipitation events have spurred a growing interest for both 2 observational and modeling application (Allan and Soden 2008; Easterling et al. 2009; 3 Groisman et al. 2012; Hardwick Jones et al. 2010; O'Gorman and Schneider 2009).  The 4 increase in frequency of these extreme events (more generally defined as a high 5 percentile of daily precipitation) can have major impacts on society such as flooding, 6 soil erosion, water damage, as well as effects on transport and safety (Hoerling et al. 7 2014; Lenderink and van Meijgaard 2012; Stott et al. 2014). The ability to better 8 quantify and model the changes of these extremes should aid in understanding and 9 allow for better preparedness.  10 
The Working Group I report of the Intergovernmental Panel on Climate Change 11 (IPCC) Fifth Assessment Report (Barnett et al. 2013; Stott et al. 2014) showed strong 12 evidence for increases in extremes worldwide since 1950, more notably with frequent 13 hot days and extreme precipitation events. Attributing anthropogenic impacts to the 14 increasing trends is not an easy task considering the natural variability and complex 15 processes involved especially when using global climate models (Barnett et al. 1999; 16 Bindoff et al. 2013; Stott et al. 2014). Results from previous studies suggest it is difficult 17 to state the relative contributions from natural and anthropogenic forcing (Barnett et al. 18 1999; Bindoff et al. 2013). In certain regions/simulations, uncertainty in model 19 simulated signal is as large as the signal to be detected (Barnett et al. 1999). In order to 20 better attribute these changes, confidence levels of the current models must be 21 improved. There is an increasing demand for information pertaining to these global 22 
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climate signals, most of which occur on scales much smaller than global climate models 23 can resolve.  24 
Under effects from greenhouse warming, precipitation extremes are assumed to 25 be constrained by the amount of precipitable water in the atmosphere (Allen and 26 Ingram 2002; Hardwick Jones et al.2010; Lenderink and van Meijgaard 2008; Pall et al. 27 2007; Trenberth, et al. 2003).  The relation between the saturation water vapor content 28 and temperature is constrained by the Clausius-Clapeyron (CC) scaling based on 29 atmospheric thermodynamics. Application of the CC scaling technique was adopted by 30 Pall et al. (2006) as an attempt to create a common approach to determining the change 31 in extreme precipitation in climate models. It was a method proposed to tackle the basic 32 physical principles of the hydrological cycle. Essentially, since moisture condenses from 33 saturated air parcels and all air parcels at some point in recent history can be said to 34 have reached saturation, then it is plausible to assume that relative humidity will 35 remain constant under climate change (Allen and Ingram, 2002; Pall et al. 2006). Under 36 that assumption, the CC relation implies that specific humidity would increase 37 exponentially with temperature by about 6.5% per Celsius (Allan and Soden 2008; Boer 38 1993; Hardwick Jones et al. 2010; Lenderink and van Meijgaard 2008; O'Gorman and 39 Schneider 2009; Pall et al. 2007; Trenberth et al. 2003). 40 
Allen and Ingram (2002) find the models do not correspond to the 6.5% 41 increase in specific humidity per degree but rather show an increase in overall 42 precipitation much less than that. They attribute the discrepancy to the hydrological 43 cycle being controlled not only by the availability of moisture but also by the availability 44 of energy. However, the constraint of the available energy is more generally applicable 45 to the global mean precipitation. It was then determined that the heaviest precipitation 46 
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events are likely to occur when effectively all of the moisture in a volume of air is 47 precipitated out, suggesting that the intensity of these events will change with the 48 availability of moisture thus following the CC relation (Allen and Ingram 2002; Pall et al. 49 2006). Pall et al. (2006) furthered the work produced by Allen and Ingram (2002) to 50 determine if this approach is a valid physical argument that should emerge as a 51 constraint in future simulations. 52 
During the 20th century, there is evidence of increases in precipitation in northern 53 latitudes, including those over the conterminous United States (CONUS), due to 54 anthropogenic influences (Bindoff et al. 2013). For example, Groisman et al. (2004) 55 found extreme precipitation events to become more statistically significant over the 56 central United States region (Fig. 1).  Using Hourly Precipitation Data (HPD) networks 57 and the long-term daily cooperative stations (COOP), Groisman et al. (2012) saw 58 significant increase in very heavy and extreme precipitation events defined by 76.2 mm 59 day-1 and 154.9 mm day-1 respectively.  It	  is	  important	  to	  note	  that	  this	  trend	  isn’t	   60 always seen as increasing from year to year but rather as a climatological trend. These 61 results are also not spatially or seasonally homogeneous. The period examined was 62 from 1948-2009 (62-years), broken into two 31 year segments. The very heavy events 63 had a less pronounced increase of about 4.6% (10 yr)-1 while the extreme events 64 exhibited an increase of up to 40% between the first and second 31 year period. 65 
Past research results, such as the ones discussed, played an integral part in the 66 organization of this research. Groisman et al. (2012) updated the daily precipitation 67 time series to verify the continued increase of very heavy precipitation events through 68 2010. Accompanied with this increase, precipitation events producing 25.4 mm day-1 or 69 less were decreasing in frequency (Groisman et al. 2012). This suggests that in the 70 
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central United States region, precipitation is occuring in heavier downpours with fewer 71 light precipitation events in between. Groisman et al. (2012) also looked at the internal 72 structure of the events and found that even with this characterized shift, the processes 73 that control these events remain relatively the same.  74 
Regional climate models have recently started to gain more interest for their ability 75 to simulate long-term climate over a limited area (Giorgi 2006) such as the area studied 76 by Groisman et al. (2012). The RegCM4.4 regional climate model over the CORDEX 77 North American domain is used here to examine the same area studied by Groisman et 78 al. (2012).  This allows for comparison between similar time periods of daily 79 precipitation totals to determine if the model is able to reproduce similar trends as 80 observed in observations. 81 
There have been several studies looking at the climatological trends of heavy 82 precipitation events due to regional climate models becoming easier to access and use. 83 Fowler et al. (2005) looked at changes in extreme rainfall over the UK. A comparison 84 between 2 regional climate models (HadRM2 and HadRM3H) and observational dataset 85 showed the results of annual mean precipitation varied between models. Meanwhile, 86 the frequency of extreme precipitation events were underestimated in both of the 87 regional climate models (Fowler et al. 2005). Frei et al. (2006) used six European 88 regional climate models to study future changes in precipitation and variance between 89 different simulations with a focus on a region over Europe. There are few studies 90 analyzing heavy precipitation trends and most focus on regions over Europe.  91 
The ability to use a higher resolution without significantly increasing model run 92 time allows regional climate model simulations to theoretically be able to better capture 93 the localized extreme precipitation events better than coarser global climate model 94 
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counterparts. This should allow for better examination of how heavy precipitation 95 events evolve in the future. Several analysis techniques will be applied to determine the 96 ability of the model to produce results in which there is confidence in the results. 97 
 In section 2 the experimental data used throughout this paper will be explained 98 along with an overview of the analysis and comparison methods used. This section also 99 discusses the observational station data that was compiled for comparison to RCM 100 output. Details for the parameters set in different RegCM4.4 simulations will also be 101 explained. Section 3 highlights the results from the contemporary and future simulation 102 comparisons of extreme precipitation events. Section 4 provides a discussion and 103 interpretation of results with suggestions for future work. 104 
 6 
2 DATA AND METHODOLOGY 105 
2.1 Historical Climate Network Station Data 106 Menne et al. (2012) depicts the Global Historical Climate Network (GHCN)-daily as a 107 dataset developed for climate analysis of daily time resolution purposes such as the 108 assessments of the frequency of heavy rainfall. Therefore, the GHCN-daily database will 109 be used for verification of regional climate model simulation output. Variables included 110 are maximum and minimum temperature and total daily precipitation. Quality 111 assurance checks are routinely applied to the full dataset before distribution (Menne et 112 al. 2012). 113 
The station data is compiled from various sources. These sources are the U.S. 114 Cooperative Summary of the Day (COOP), which includes daily observations at 19,000 115 stations in the United States and its territories, the CDMP U.S. Cooperative summary of 116 the Day, which contain mostly pre-1948 observations, and the U.S. First Order Summary 117 of the Day, which contain historical and present-day manual and automated 118 observations from approximately 1600 sites.  119 
The precipitation data from the stations in the region (Fig. 1) during the years 1971- 120 2010 were used to create a frequency distribution of events falling within a range of 121 
continuous	  “bins”	  (1000	  bins	  total	  with	  a	  width	  of	  2	  mm). The data were aggregated 122 onto a latitude-longitude grid of 1x1.5 degree horizontal spacing to alleviate bias 123 created by spatial inconsistencies of stations. This is necessary due to the distribution of 124 the stations not being uniform (e.g. more populated areas could have a cluster of 125 stations in one area whereas in more rural areas there could only be a few). Without 126 
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aggregating to a uniform grid, areas with a denser network of stations could skew the 127 frequency of different precipitation events. The gridding technique does not 128 compromise the integrity of the observations but does create a more comparable 129 distribution to the regional climate models.  130 
A total of 1769 stations from the GHCN-daily were located in the domain (Fig. 1). 131 For the records sampled, stations with 20% or more of the daily data missing were 132 discarded. The viable stations were aggregated onto the grid where the frequency 133 distribution was created. Of the initial 1769 stations, 1297 were viable after the quality 134 assessment. Each grid cell had anywhere from 1 station observation to 16 station 135 observations with an average number of 5.5 stations per grid cell. 136 
2.2 RegCM4.4 Regional Climate Modeling System 137 The RegCM4.4 is a version of the RegCM regional climate modeling (RCM) system. It 138 
is	  evolved	  from	  the	  first	  version	  developed	  in	  the	  late	  1980’s	  (Giorgi et al. 2012). This 139 RCM was the first limited area model developed for long-term regional climate model 140 simulations and has been used in numerous intercomparison projects (Giorgi et al. 141 2012).  This is a public, open-source code (Giorgi et al. 2012) that is being applied to the 142 CORDEX North American domain for the purposes of this study. 143 
Similar to previous versions of the RegCM, the RegCM4.4 is a hydrostatic, 144 compressible, sigma-p vertical coordinate model run on an Arakawa B-grid in which 145 wind and thermodynamic variables are horizontally staggered (Giorgi et al. 2012). New 146 land-surface, planetary boundary layer and radiative transfer modifications, and air-sea 147 flux schemes are unique to this version. A list of the different model options available in 148 the RegCM4 can be found in Table 1 adapted from Giorgi et al. (2012). This particular 149 
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regional climate model shows significant sensitivity to different parameterizations, 150 which can be used to optimize model performance over different domains (Giorgi et al. 151 2012). 152 
 This study analyzes multiple model simulations with different parameterization 153 choices. Each simulation was run at horizontal grid spacing of 25 kilometers and 50 154 kilometers. Two different CMIP5 global circulation models were used to perform these 155 regional climate simulations, HadGEM2-ES and GFDL-ESM2M. HadGEM2-ES had the 156 highest equilibrium climate sensitivity of the CMIP5 models while the GFDL-ESM2M had 157 one of the lowest equilibrium sensitivities (Andrews et al. 2012). Output from the 158 RCP8.5 emissions scenario was used for each global climate model. 159 
In conjunction with the different global models and resolution, two different 160 convective parameterizations are used to examine the sensitivity of the model. The 161 Emanuel convective parameterization scheme is used for one set of simulations over the 162 entirety of the domain. The other set of simulations uses a hybrid mixed convective 163 parameterization scheme with the Emanuel scheme over water grid points and the Grell 164 scheme over land grid points. These parameterizations were chosen based on a large set 165 of simulations using a broad range of convective parameterizations along with using the 166 same model configuration with 50 km grid spacing (not shown here). 167 
The Emanuel scheme is one of the most complex schemes available in the model. 168 Convective fluxes in this model are based on sub-cloud scale updrafts and downdrafts, 169 which in theory should better represent the complexity of observed convection 170 (Emanuel 1991).  This scheme creates convection by first finding the level, below the 171 level with minimum moist static energy, that has the most moist static energy. 172 Convection is assumed to be triggered from that level thus making elevated convection 173 
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possible, however, it	  can’t	  occur	  simultaneously	  with	  convection	  triggered	  in	  the	   174 boundary layer. Convection in the boundary layer is triggered when the level of positive 175 buoyancy is higher than the cloud-base level (Emanuel 1991). Cloud mixing is 176 considered episodic and homogeneous. Precipitation is based on the auto-conversion of 177 cloud water to rain water taking simplified ice processes into account following the 178 parcel precipitation efficiencies closure parameters. In sensitivity studies (Giorgi et al. 179 2012; Peng et al. 2004), a weakness of the scheme was found to be an underestimation 180 of extreme precipitation and too much widespread light precipitation. This is 181 noteworthy considering the present study focuses on the production and frequency of 182 extreme precipitation. This will be useful to keep in mind when analyzing model output. 183 
The mixed convection scheme uses the Emanuel scheme over water grid points but 184 the Grell scheme over land. The Grell scheme uses a Fritsch-Chappell (Fritsch and 185 Chappell 1980) type closure in which the convective instability is released at a constant 186 rate. It is a deep mass flux parameterization where clouds are considered as two steady 187 state circulations including an updraft and a penetrative downdraft (Grell 1993). 188 Convection is triggered when a lifted parcel reaches the moist convection level. This is a 189 simple single cloud model with entrainment and detrainment only at the bottom and 190 top of the cloud. This version of the Grell scheme was found to underestimate 191 precipitation in regions over tropical oceans (Giorgi et al. 2012). Considering the 192 underproduction of precipitation by the Grell scheme and the general overproduction of 193 light precipitation by the Emanuel scheme, the mixed scheme could be a good balance 194 between the two. 195 
The combination of these different model inputs created 8 different datasets to 196 analyze and compare. A conceptual diagram demonstrating the 8 different datasets 197 
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appears in Table 2. In order to better emphasize the characteristic being compared in 198 each figure, a solid or hollow marker will be used to differentiate between the 199 characteristics. These comparisons will help to determine the inputs the RCM is most 200 sensitive to when producing extreme precipitation events. 201 
2.3 Clausius-Clapeyron Scaling 202 The Clausius-Clapeyron (CC) relation can be used to interpret climate model output 203 to determine whether the increased frequency of extreme precipitation is produced 204 with regard to atmospheric constraints (Allen and Ingram 2002; Pall et al. 2006). The 205 percent increase of extreme precipitation events, calculated between the contemporary 206 climate simulation and the future simulations, should be consistent with the 6.5-7% 207 increase per Celsius for the extreme events if the model follows the CC relation. 208 Although the CC relation is found to be a good predictor of extreme daily precipitation 209 in global climate models (Allen and Ingram 2002; Pall et al. 2006), the scaling applies in 210 regional climate model output, so that the present study complemets the global model 211 findings. This approach alone will not fully justify the heavy precipitation production 212 from the model but rather act as a tool for analysis. 213 
The CC relation will be applied to the model output to study the changes in the 214 uppermost quantiles of precipitation (99th and 99.9th percentiles). A percentile 215 distribution of the precipitation data for the contemporary time period (1971-2000) 216 and the future time period (2041-2070) will be analyzed to find the percent increase of 217 the precipitation. This will also be a tool for direct comparison with observational 218 results. Calculations of changes in the climatological average temperature for these two 219 periods will be compared to the percent increase in extreme precipitation created by 220 the models. Since the heaviest precipitation events are presumed to correlate directly to 221 
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the change in specific humidity, then the relative percentage increase of the 222 precipitation intensity can be compared to the change in temperature to determine if 223 the model follows the CC relation. 224 
2.4 Climatological Precipitation Trends 225 Following results found by Groisman et al. (2012), a frequency for very heavy and 226 extreme precipitation is calculated for 1951-2012. Very heavy precipitation events are 227 defined as exceeding 76.2 mm day-1 and extreme events are classified as exceeding 228 154.9 mm day-1. An important note about these definitions is they are not bounded by 229 an upper limit; therefore, all extreme events are very heavy events but not all very 230 heavy events are extreme. Groisman et al. (2012) looked at observational precipitation 231 data from 1948-2009. Since the RegCM4.4 simulations begin in 1950, for the purposes 232 of this research, a comparison will be made using the years 1951-2012. The yearly 233 precipitation variability is not being examined but rather the climatological trends. 234 Thus, the specific years does not carry as much of a constraint. 235 
Groisman et al. (2012) found increase of 4.6% (10 yr)-1 for the very heavy 236 precipitation events while the extreme events exhibited an increase of up to 40% 237 between the first and second 31 year period. By analyzing RegCM4.4 model output with 238 similar constraints, a direct comparison between increases in frequencies of these 239 events can be completed. This type of analysis will provide insight into determining 240 whether the regional climate model simulations are producing trends in these 241 precipitation events consistent with results based on station based observations. 242 
2.5 Intensity vs. Frequency Spectra 243 An analysis technique adapted from Kawazoe and Gutowski (2013) was used to 244 observe the normalized frequency distribution of the precipitation intensity. Their 245 
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research compared very heavy regional precipitation events (defined as the top 0.5% of 246 all precipitation events) from global climate models from phase 5 of the Coupled 247 Model Intercomparison Project (CMIP5) multi-model ensemble (Kawazoe and 248 Gutowski 2013).  249 
In this study a frequency spectrum was created from the model and 250 observational data	  by	  using	  a	  “binning”	  process. A precipitation event was 251 defined as 0.2 mm day-1 or more recorded for one day at an observational or 252 model grid point. All records below this threshold were considered trace or non- 253 precipitation events. All non-zero events (precipitation > 0.2 mm day-1) were 254 then sorted into an array of 1000 bins with a 2 mm day-1 bin width, thus ranging 255 from zero or trace events to 2000 mm day-1. The distribution is then plotted and 256 cut off at 400 mm day-1 or about 16 inches. The few events above this threshold 257 were left out of the spectrum due to their very low frequency of occurrence and 258 possibility of being a bad record. The cut off also allowed for the features of the 259 distribution to be better distinguished, and since the climatological trend was all 260 that we were interested in at this stage, this approach sufficed. 261 
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3 RESULTS 262 
3.1 Determining Model Output Uncertainty by Comparison to 263 
Observations 264 The level of confidence for future predictions is determined by	  the	  model’s	   265 performance simulating past climate variability trends. Three different approaches for 266 comparisons for the contemporary time period (1971-2000) will be taken. First, a 267 comparison of year-to-year variability with estimated linear trends will be compared to 268 observational statistics found by Groisman et al. (2012). Second, a distribution of the 269 frequency at different intensities will show the distribution of events over the full 30- 270 year reference. Lastly, the percentile distribution of the precipitation will be examined 271 with a heavier focus on the uppermost percentiles (>90%) since the extreme events are 272 the main focus of this study. 273 
A similar analysis in Groisman et al. (2012) has been replicated for both the very 274 heavy events (76.2 mm day-1) (Fig. 2) and the extreme events (154.9 mm day-1) (Fig. 3). 275 A linear trend line was plotted to show the subtle changes of precipitation frequency 276 over the 62-year period, which is not clear with yearly variation.  All models show an 277 increasing trend in frequency of both very heavy and extreme events with a larger 278 increase seen in the extreme events. More specifically, Groisman et al. (2012) found an 279 increase of 4.6% (10 yr-1) for very heavy precipitation and up to a 40% increase 280 between the first 31 years and the second 31 years of the analyzed record for extreme 281 precipitation events. The percent increase of very heavy events was lower in all of the 282 model simulations (Table 3). The 50 km model simulations produced higher increase in 283 frequency with the model average being 2.26% compared to the 25 km model average 284 
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of 1.45%. However, all simulations underestimate the increases seen in observations. 285 Changes in extreme precipitation held much less agreement in model simulations (Table 286 3). Percent changes ranged anywhere from -6.92% (25 km Had Emanuel) to 38.35% (50 287 km GFDL Emanuel). Different model inputs do not show consistent changes in trends. 288 These inconsistencies with observations could be related to the noise from the 289 interannual variation of the sample and the fact that model simulations do not 290 necessarily reproduce comparable yearly totals with observations.  291 
An analysis looking at the frequency of intensities is used for its ability to ignore 292 interannual variability and focus more on the climate normal. This approach was 293 adopted from previous work by Kawazoe and Gutowski (2013). Fig. 4 shows the 294 frequency distribution of the contemporary model simulations compared to the 295 observations (refer to section 2.1 for explanation of observational data processing for 296 this section).  This figure illustrates two clear discrepancies between the observations 297 and the models. First, the models produce too frequent light precipitation (<20 mm 298 day), also	  known	  as	  the	  “drizzle	  effect”, which is in agreement with results in regional 299 climate model studies over different regions (Bell et al. 2004; Halenka et al. 2006; 300 Rivington et al. 2008). Second, there is an underestimation of the frequency of heavier 301 precipitation events (>50 mm day-1) as seen in regional climate studies over other 302 regions as well (Alpert et al. 2008, Halenka et al. 2006).  303 
The drizzle effect is a common bias in model simulations because the model 304 captures the spatial distribution of light precipitation with a horizontal resolution 305 generally higher than that of the precipitation. Therefore, the model produces grid cell 306 means that increase the frequency of light precipitation. This reasoning could lead to the 307 belief that increased horizontal resolution will eliminate some of this bias. Another 308 
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attempt to remove the bias in this study was setting the threshold of nonevents to 0.2 309 mm day-1. 310 
For rainfall intensities between 20 and 40 mm day-1, there appears to be good 311 agreement between model frequency and observations. Focusing on the low-to-mid- 312 range intensities (Fig. 5), the points of intersection between the model and observations 313 can be seen where it transitions from an overestimation to an underestimation of 314 frequencies. These points range anywhere from 20-38 mm day-1 depending on the 315 model.  316 
For precipitation events with intensities less than 50 mm day-1, the 50 km Had 317 mixed most closely resembled the observations. For events greater than 50 mm day-1 it 318 is a little less clear but was between the 50 km Had Emanuel and the 50 km Had mixed 319 simulations. Since the 50 km had mixed simulation most closely resembled the 320 observations throughout the spectrum, it was deemed the best. However, it is important 321 to note these results are not without bias. 322 
Percentile distributions of the precipitation intensities (Fig. 6) show the discrepancy 323 of the very light precipitation events more clearly than the other methods, making the 324 drizzle effect prominent. The percentiles were calculated by finding the percent of the 325 event count from each intensity bin to the total number of events over the time period 326 for the domain. The models clearly do not simulate precipitation events below the 90th 327 percentile well. All models show the lower percentiles with precipitation intensities 328 much less than that of observations. 329 
The moderate and heavy rainfall events fall in the upper decile of the distribution. 330 Fig. 7 shows the same intersection of models and observations as seen in the previous 331 
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comparison with the average transition around the 95th percentile. Fig. 8 focuses more 332 on the extreme precipitation events looking at the 99th percentile. It is again clear that 333 the models all underestimate the heaviest precipitation.  334 
Originally, these plots were meant for direct comparison to Pall et al. (2007) for 335 Clausius-Clapeyron scaling. The different shapes in the distributions of precipitation 336 intensities created a disconnect. There was still the ability to calculate the percent 337 increase of events in the 99th and 99.9th percentiles between the contemporary and 338 future simulations (Table 4 and Table 5 respectively). To determine whether these 339 changes were systematically consistent with the CC relation, the 30-year average 340 temperature was calculated for the two time periods (Table 6). Then following the CC 341 relation, for each degree increase, a 6.5% increase in extreme precipitation should 342 occur. The increases in average temperature indicates the increase in extreme 343 precipitation should range anywhere from 15-21% with an average increase around 344 17%. Compared to the increase in the 99th and 99.9th percentile, the CC scaling is most 345 consistent with the 99.9th percentile. Comparisons between modeled and calculated 346 increases suggest the models are producing extreme precipitation systematically 347 consistent to the CC relation.  348 
Both Alpert et al. (2008) and Ho et al. (2011) performed studies over other regions 349 using regional climate models and obtained similar percentile distributions for 350 precipitation as was obtained with these regional climate models. Ho et al. (2011) 351 studied a tropical region; their model results did not exhibit the same underestimation 352 of extremes. Alpert et al. (2008) studied the Eastern Mediterranean region obtaining 353 similar discrepancies between models and observations for these extreme events. 354 
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Overall, the three different methods of analysis led to similar results between the 355 observational records and the corresponding contemporary model simulation. 356 
3.2 Model Variation Pertaining to Different Input Options 357 As shown in Table 2, there are 8 different models being compared in this study with 358 each model varying from one another based on the parameterization choice, horizontal 359 resolution, and global circulation model being downscaled. This section will focus on the 360 impacts these different options have on the output and which combinations of 361 parameters produce results closest to observations. 362 
3.2.1 Parameterization schemes and global models 363 The two different cumulus parameterization schemes used in this study are the 364 mixed cumulus parameterization scheme (Grell Scheme over land, Emanuel Scheme 365 over water) and the Emanuel parameterization scheme (over the whole domain). The 366 two CMIP5 global circulation models used for initial and lateral boundary conditions are 367 HadGEM2-ES and GFDL-ESM2M. By combining these different inputs, it generates the 368 ability to determine which combination produces results closest to observed 369 precipitation. 370 
The annual change in frequency of very heavy (Fig. 2) and extreme precipitation 371 events (Fig. 3), does not give insight into variations due to either the parameterization 372 scheme or the global climate model because of the year-to-year changes. The trend lines 373 show the model simulations using the Emanuel scheme exhibit higher frequencies while 374 the simulations using the mixed scheme have lower frequencies. Most of the variation 375 between the 8 different runs is due to the difference in the convective parameterization 376 schemes being used and not the difference in global model. 377 
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Changes from the convection scheme or the global climate model are less 378 pronounced in the intensity spectrum than in the previous comparison. Looking at the 379 contemporary period, Fig. 9 best illustrates the variation in the frequency distribution 380 due to convective parameterization scheme options while Fig. 10 best illustrates the 381 variation due to the global climate model choice. While neither stand out, Fig. 9 shows 382 the lower frequencies of light and extreme precipitation for the mixed convection 383 scheme. This suggests the model bias for light precipitation could be improved by using 384 the mixed convection scheme. However, there is a trade off because this scheme also has 385 lower frequencies of extreme precipitation, which would only increase the existing bias 386 on that end of the spectrum.  387 
Depending on whether the main focus is on the climatology of light to moderate 388 precipitation events or heavy and extreme precipitation events would dictate which 389 convection scheme would be best for those purposes. On the contrary, for the purposes 390 of examining the central United States precipitation trends, the choice between the two 391 global circulation models holds very little bearing on the results. 392 
3.2.2 Horizontal Resolutions 393 One of the major advantages of using regional climate models rather than global 394 climate models is the ability to increase horizontal resolution. Speculations about the 395 ability to capture finer scale weather phenomena by increasing horizontal resolution in 396 models have been ongoing. For the purpose of this research, extreme precipitation is the 397 main aspect trying to be captured by the regional climate models. Since these events 398 occur on smaller and more localized scales, previous studies have alluded to the 399 increase in horizontal resolution improving the prediction and modeling of these events 400 
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(Halenka et al. 2006). Therefore, it was a goal of this research to compare model 401 simulations at both a 50 km and 25 km horizontal resolution. 402 
Rather than an increase in frequency of the extreme precipitation events showing 403 better abilities in capturing the localized events, the 25 km model simulations show 404 frequencies lower than the 50 km model simulations (Fig. 11). This was an unexpected 405 result found in all methods of comparison. Referring back to Fig. 2 and Fig. 3 of the 406 annual very heavy and extreme precipitation trends, the 25 km simulations have trend 407 lines that are considerably lower in frequency than their 50 km counterpart. The only 408 part of the intensity spectrum where the 25 km simulations do not exhibit clear 409 differences in frequency to 50 km simulations is under 15 mm day-1. The zoomed 410 comparison between model simulations and observations (Fig. 5) and the percentile 411 distribution of the models (Fig. 6) show the 25 km simulations are mixed with the 50 412 km simulations with neither resolution producing better results than the other. 413 
The model inputs can be organized into two counterparts, the input which leads to 414 lower frequencies and the input leading to higher frequencies for heavy precipitation 415 events. The inputs that led to lower frequencies were 25 km horizontal resolution, the 416 mixed cumulus parameterization scheme, and the GFDL-ESM2M global circulation 417 model. Therefore the 50 km horizontal resolution, Emanuel cumulus parameterization 418 scheme, and HadGEM-ES2 global circulation model led to higher frequencies of heavy 419 events. Fig. 12 shows the order of the models from lower to higher frequencies of heavy 420 precipitation events. This arrangement more clearly illustrates the dependence of 421 model output frequency on first the cumulus parameterization scheme chosen then the 422 horizontal resolution. The global circulation model had the least impact on the 423 frequencies produced by the models. 424 
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3.3 Future changes in simulations of moderate precipitation events 425 Moderate precipitation events are not the main focus of this research; however, it is 426 important to note how they are predicted to change in future simulations. The changes 427 in these events coupled with the changes in extreme events will have effects on the 428 overall average precipitation for the region. It will also have impacts on how receptive 429 the environment is to these changes and how it will evolve in the future. 430 
Since the 50 km Had Mixed model was the most consistent with observations, it is 431 used to examine moderate rainfall projections in more detail. Fig. 13 shows moderate 432 events become less frequent in the future. Overall, the average precipitation totals do 433 not vary much between contemporary and future simulations. This would indicate a 434 trend towards more frequent and extended periods of dry days or days with no 435 precipitation and more frequent heavy rainfall events. The decrease illustrated by the 436 50 km Had mixed model is also present in the remaining 7 models. 437 
3.4 Future changes in simulations of heavy precipitation events 438 Changes in the frequency of heavy precipitation events are a main focus of this 439 research. Comparisons of models and observations leading to this section were done to 440 assess confidence in the future projections made by these regional climate model 441 simulations. The ability to use these results would have a great impact on many areas of 442 society, which is why these projections are so important. 443 
With the very low R2 value of the trend lines pertaining to the annual frequencies of 444 very heavy and extreme precipitation events, the ability to put certainty into the linear 445 trends of these datasets is very low. The discrepancies in the model changes compared 446 to results found by Groisman et al. (2012) also imply that these trends are not 447 necessarily a trusted source of future projection. Therefore, the heavy precipitation 448 
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trend projections will be based on the frequency of intensities spectrum and the 449 percentile distributions of the associated intensities. 450 
The intensity spectrum for all models exhibits the same behavior for future 451 projections. The changes between the contemporary simulation and the future 452 simulations can be seen for the 50 km models (Fig. 14) and 25 km models (Fig. 15). The 453 magnitude of the change between the two time periods is similar for all simulations. As 454 the intensity of the event increases, so does the percent by which the frequency 455 increases in the future.  456 
Changes in extreme precipitation intensities were calculated for the 99th and 99.9th 457 percentile (Table 4 and Table 5). The 99th percentile had an average increase of about 3 458 mm day-1 or about 9%. The 99.9th percentile had a larger average increase of about 11 459 mm day-1 or 15%. An interesting correlation between the future increases and the 460 global circulation models arises here. As discussed before, the variation between the 461 models of the same time periods were less affected by the different global circulation 462 models being used than by differences in horizontal resolution and parameterization 463 scheme. In both the 99th and 99.9th percentiles, changes in future simulations were 464 greater in the models using the HadGEM-ES2 global circulation model. Overall, every 465 model shows significant increase in future simulations with a considerable amount of 466 confidence in these results from their relatively good agreement with observations. 467 
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4 DISCUSSION AND CONCLUSIONS Two 30-year periods (1970-2000 and 2041-2070) from simulations using the RegCM4.4 regional climate model over the central United States were analyzed to compare changes in precipitation. The contemporary time period results were compared to gauge based station observations from the GHCN-daily network interpolated onto a latitude longitude grid for a more consistent comparison to the gridded data from the regional climate model. Differences in model output using different parameters were also analyzed with eight different model simulations varying horizontal resolution, global circulation model forcings, and convective parameterization schemes. 
The models tended to overestimate the number of low precipitation events. This was not unexpected since prior studies also found regional climate models to produce too many light precipitation events. This problem seemed to improve when using the mixed convection scheme over the Emanuel convection scheme. As for the heavy precipitation events, the model under predicted the number of occurrences. Both the Emanuel convection scheme and the 50 km horizontal resolution produced better results for the intensities for the heavier precipitation events. Considering the coarse resolution of the model attempting to capture heavy precipitation, the biases are rather minimal and results are promising. 
Of the eight models used for this study, there were different levels of performance. The model with the results closest to the observations was the 50 km HadGEM-ES2 Emanuel model. This model not only had less of a high bias for light precipitation events, but also did not underestimate the extreme events as much as the other models. 
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The model that performed the worst out of the eight was the 25 km GFDL-ESM2M Mixed model. Throughout the intensity spectrum, this model was consistently the furthest from observations. 
Another interesting finding was increasing the horizontal resolution to 25 km from 50 km did not make the results closer to observations. In most cases for extreme precipitation, the 25 km model simulations were in less agreement with observations. The 25 km simulations had 4 times as many grid points compared to the 50 km simulations. Even though the 25 km produced more occurrences of extreme precipitation events, it did not produce 4 times as many events, so the resulting frequency was lower than in the 50 km simulations. Testing more horizontal resolutions as well as the warm and cool season in the future could provide more information on the sensitivities of the resolution and whether a threshold of best performance exists. 
All of the model simulations produced noticeable increases in the frequency of extreme events. Even though all the models had varying frequencies for the contemporary extreme events, all had similar increases. For the 99th percentile events, the models averaged about a 9% increase in intensity. In the 99.9th percentile events, the models averaged an even higher increase of about 15%. Interestingly enough, the models using the HadGEM-ES2 global circulation model produced greater increases in these events than the models with the GFDL-ESM2M global circulation model, suggesting the possibility of higher climate sensitivity in the HadGEM-ES2 simulations. For moderate and light rainfall events, all of the models showed slight decreases in frequency for the future simulations.  
Several aspects of this study could be looked at in more detail to determine the impact they had on the outcome. First, another comparison of a different contemporary 
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time period could help determine whether the bias in the models is a constant or varying bias. Alpert et al. (2008) applied the Deque (2007) statistical correction method under the assumption that the bias in the extremes is independent of the greenhouse gas concentration. Using this statistical correction method, the bias was essentially removed from the contemporary time period of study and also applied to the future projections (Alpert et al. 2008). If another contemporary comparison was attempted in this study, it could be determined whether or not the bias is independent of GHG concentration and if so the Deque (2007) statistical correction method could be employed to alleviate the bias and show better correlation.  
Another method of comparison that could be used to determine the significance of the increase would be to break the study into a warm season (April-September) and a cold season (October-March). This would determine if the increases in heavy precipitation are occurring more in the warm or cold season events. It could be further broken down into smaller regions as well to determine if there are regions with more change than others. 
Attribution of the changes is also an important key to understanding whether the model output is reliable. A more comprehensive study looking at circulation patterns and weather systems produced by the models would give insight to the processes that control these events. This could be valuable in also determining if the types of events that are being created by the models are realistic.  
Overall, this study was able to identify the ability of the RegCM4.4 regional climate model to predict precipitation over the central United States. It shows there are reliable results being produced by the different model simulations compared to observations, which are mostly sensitive to the different convective parameterization schemes being 
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used. It also showed the increase in the horizontal resolution did not have a positive effect on the outcome of the models and rather the 50 km resolution was sufficient if not superior. With clear and convincing evidence, we can expect extreme rainfall events to continue increasing in frequency in the future.
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5 Figures 
 
Figure 1 Area shaded in purple is the region of interest of this study. Only data from this region is included in both observations and models. 
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Figure 2 Annual frequency of days with very heavy precipitation (76.2+ mm/day) over central United States Region for period 1951-2012. Circle symbol used for 50 km simulations. X symbol used for 25 km simulations. Colors kept the same for corresponding simulations that only vary due to horizontal resolution. Linear trend lines added to show progression of trend over climate period (solid line: 50 km simulations, dashed line: 25 km simulations)  
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o  
Figure 3 Annual frequency of days with extreme precipitation (154.9+ mm/day) over central United States Region for period 1951-2012. Circle symbol used for 50 km simulations. X symbol used for 25 km simulations. Colors kept the same for corresponding simulations that only vary due to horizontal resolution. Linear trend lines added to show progression of trend over climate period (solid line: 50 km simulations, dashed line: 25 km simulations)
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Figure 4 Frequency vs. intensity spectrum for 8 contemporary (1971-2000) model simulations compared to observational data.
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Figure 5 Zoomed version of (a) to illustrate transition from model overestimation to underestimation of frequency of precipitation compared to observations.
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Figure 6 Percentile distributions of contemporary and future model simulations. Contemporary models used for comparison to observations. Solid lines correspond to the contemporary time period (1971-2000) and dashed lines correspond to the future time period (2041-2070). 
0.2
2
20
200
40.00% 50.00% 60.00% 70.00% 80.00% 90.00% 100.00%
In
te
ns
it
y 
(m
m
/d
ay
)
Precipitation Percentiles
25km GFDL Emanuel25km Had Mixed25km Had Emanuel25km GFDL Mixed50km GFDL Emanuel50km GFDL Mixed50km Had Mixed50km Had EmanuelStation Data Observed Precipitation
31 
  
32 
 
Figure 7  90th percentile distribution of model simulations compared to observations. Solid lines correspond to the contemporary time period (1971-2000) and dashed lines correspond to the future time period (2041-2070). 
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Figure 8 99th percentile distribution of contemporary and future model simulations compared to observations. Solid lines correspond to the contemporary time period (1971-2000) and dashed lines correspond to the future time period (2041-2070).
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Figure 9 Frequency vs. intensity spectrum comparing the mixed convection scheme to the Emanuel convection scheme model simulations for the contemporary time period (1971-2000). Hollowed symbols used for mixed convection scheme models to better illustrate variance. 
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Figure 10 Contemporary comparisons between HadGem-ES2 models and GFDL-ESM2M models. Hollowed symbols used for GFDL-ESM2M models. 
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Figure 11 Contemporary comparison between 25 km and 50 km resolution model simulations. Hollowed symbols used for 25 km simulations.
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Figure 12 Model simulations ranked in ascending order or heavy precipitation event frequency. 25 km GFDL mixed model has lowest frequencies of heavy events and 50 km Had Emanuel model has highest frequencies of heavy events.  
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Figure 13 50 km Had mixed model for contemporary (1971-2000) and future (2041-2070) simulations. Hollowed symbols represent the future simulation to allow for easier differentiation. Zoomed inset above to see changes in frequency of intensities below 30 mm/day.
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Figure 14 Frequency vs. intensity spectrum of 50 km contemporary (1971-2000) and future (2041-2070) model simulations. Hollowed symbols used for contemporary time period to assist in better differentiation between changes. 
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Figure 15 Frequency vs. intensity spectrum of 25 km contemporary (1971-2000) and future (2041-2070) model simulations. Hollowed symbols used for contemporary time period to assist in better differentiation between changes.
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6 Tables 
 
Table 1 Model options available in RegCM4 (Giorgi et al. 2012) 
 
 
Table 2 Eight different models used in this study. Each model is designated by a specific color remaining constant throughout the paper. Text in parenthesis will be used when referencing a model simulation in the text for brevity.  
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Model Simulations Very Heavy Events (76.2+ 
mm/day) Percent Increase 
(10yr)-1 
Extreme Events (154.9+ 
mm/day) Percent Increase 
(First to Last 31 years) 
50 km GFDL Mixed 2.36% 26.63% 
50 km GFDL Emanuel 1.95% 38.35% 
50 km Had Mixed 2.92% 8.49% 
50 km Had Emanuel 1.82% 5.32% 
25 km GFDL Mixed 1.72% -5.46% 
25 km GFDL Emanuel 1.97% 21.99% 
25 km Had Mixed 1.12% 3.28% 
25 km Had Emanuel 0.98% -6.92% 
50 km Model Average 2.26% 19.70% 
25 km Model Average 1.45% 3.22% 
Groisman et al. (2012) 4.60% 40% 
 
Table 3 Increases in linear trends for all model simulations for comparison to results found in Groisman et al. (2012) for years 1951-2012. 
99% 1971-2000 
(mm/day) 
2041-2070 
(mm/day) 
Change 
(mm/day) 
Percent 
Change 
50 km GFDL 
Mixed 
37.85 40.85 3 7.93% 
50 km GFDL 
Emanuel 
37 38.5 1.5 4.05% 
50 km Had 
Mixed 
37.7 42.5 4.8 12.73% 
50 km Had 
Emanuel 
34.9 38.25 3.35 9.60% 
25 km GFDL 
Mixed 
35.4 38.75 3.35 9.46% 
25 km GFDL 
Emanuel 
36.95 39.15 2.2 5.95% 
25 km Had 
Mixed 
35.6 39.4 3.8 10.67% 
25 km Had 
Emanuel 
34.6 38.35 3.75 10.84% 
50 km Model 
Average 
36.86 40.03 3.16 8.58% 
25 km Model 
Average 
35.64 38.91 3.28 9.19% 
 
Table 4 Changes in intensity between contemporary (1971-2000) and future (2041-2070) model simulations for the 99th percentile. 
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99.9% 1971-2000 
(mm/day) 
2041-2070 
(mm/day) 
Change 
(mm/day) 
Percent 
Change 
50 km GFDL 
Mixed 73.6 85 11.4 15.49% 
50 km GFDL 
Emanuel 77.4 85.4 8 10.34% 
50 km Had 
Mixed 76.5 90.9 14.4 18.82% 
50 km Had 
Emanuel 79 92.6 13.6 17.22% 
25 km GFDL 
Mixed 67.7 76.4 8.7 12.85% 
25 km GFDL 
Emanuel 76.4 84.3 7.9 10.34% 
25 km Had 
Mixed 70.2 82.3 12.1 17.24% 
25 km Had 
Emanuel 75 88.5 13.5 18.00% 
50 km Model 
Average 76.63 88.48 11.85 15.46% 
25 km Model 
Average 72.33 82.88 10.55 14.59% 
 
Table 5 Changes in intensity between contemporary (1971-2000) and future (2041-2070) model simulations for the 99.9th percentile. 
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Model 
Simulations 1971-2000 Average 
Temperature (°C) 
2041-2071 
Average 
Temperature (°C) 
Temperature 
Change (°C) 
CC-Scaling 
Suggested 
Increase 
(6.5%/degree) 
50 km GFDL 
Mixed 10.57 12.95 2.38 15.47% 
50 km GFDL 
Emanuel 11.53 14.15 2.61 17.01% 
50 km Had 
Mixed 13.06 16.18 3.12 20.30% 
50 km Had 
Emanuel 14.00 17.11 3.10 20.20% 
25 km GFDL 
Mixed 10.38 12.91 2.52 16.42% 
25 km GFDL 
Emanuel 11.43 13.86 2.43 15.85% 
25 km Had 
Mixed 12.97 16.10 3.13 20.35% 
25 km Had 
Emanuel 14.00 16.83 2.82 18.34% 
50 km Model 
Average 12.29 15.10 2.80 18.25% 
25 km Model 
Average 12.19 14.92 2.72 17.74% 
 
Table 6 30-year average temperatures over the central United States for the contemporary and future model simulations. The CC relation of 6.5% increase in extreme precipitation per Celsius was applied to the change in temperature to determine the systematic increase following the CC equation. 
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